~" The specific activity of the membrane-bound enzyme, Na § adenosine triphosphatase (ATPase), has been shown to be decreased following experimental impact injury (400 gm-cm) to the spinal cord in dogs. The prompt and significant (p < 0.01) fall in activity was evident as early as 5 minutes after injury, and remained at 56% to 67% of control for the 1-hour period studied. This decrease was most prominent in the central core of the traumatized segments of spinal cord. Central core samples, excised immediately adjacent to the trauma site, gave values for the Na+-K+-activated enzyme intermediate to those of the trauma and control sites. For these same samples, the activity of the Mg+2-dependent ATPase did not change appreciably. No alterations were observed in the tissue surrounding the zone of maximum injury at these early time periods. The relationship of membrane-bound enzyme alterations to blood flow, clotting mechanisms, and abnormal free radical reactions are briefly discussed.
M
ITOCHONDRIAL alterations have been demonstrated as an early manifestation of experimental spinal cord injury? ~ Some resemblance to these alterations has been found in cerebral ischemia? '1~ It is not known if these alterations precede or follow presumptive alterations in the cell membrane, which may be particularly relevant to the problem of irreversibility of function due to trauma.
Since the initial discovery by Skou 3~ in 1957 of an adenosine triphosphatase activated by Mg +2, Na +, and K +, there have been convincing reports identifying the Na+-K +dependent adenosine triphosphatase (ATPase) (EC 3.6.1.3) with the sodium pump that transports Na + and K § across the cell membrane. 7'x1'27 '29 We therefore measured this membrane-bound enzyme at intervals of 5, 15, 30, and 60 minutes following an impact injury of 400 gm-cm force to the dog spinal cord as part of an attempt to define the sequences of major cellular alterations in the lesion developing after experimental trauma. Our previous study on the role of lysosomal hydrolase release in the pathogenesis of spinal cord injury provided no evidence for hydrolase release during the critical early phase of cell injury?
Materials and Methods
Fifteen unconditioned mongrel dogs weighing 25 to 33 lbs were anesthetized with Suritol (thiamylal sodium, 10 mg/lb), intubated, and maintained for the duration of the surgical procedure on an N20:O~ mixture of 4:1, delivered through a Harvard respirator.* End-tidal CO~, pulse, and blood pressure were monitored continuously, while blood gases (pO2, pCO~, and pH) were analyzed at intervals during the operation. Total laminectomies were performed extending from approximately T-1 to T-10. Using the method of Albin, et al.,~ a 20-gm weight was dropped 20 cm to produce a 400 gm-cm force impact on the surgically exposed dura overlying the thoracic cord at T4-5. The exposed cord segment was removed in different groups of animals at 5, 15, 30, and 60 minutes following injury, immediately after which the animals were sacrificed by an intracardiac injection of saturated KCI solution.
In a cold room at 0 ~ to 4 ~ C, the 8-to 10cm length of thoracic cord was dissected into three samples: a rostral control, a caudal control, and the trauma site. The dura, roots, and pia arachnoid were then removed, and samples were placed in a freezer room. The trauma site was transected at the trauma center, and other cuts were made approximately 4 to 5 mm in each direction from the center of trauma. The rostral and caudal control sites were similarly treated. Samples were quick-frozen onto 1 • 3 in. acid-washed microscope slides, and placed into corkstoppered, 50-ml thin-walled polyallomer tubes; the tubes were sealed with tape, and stored at -80 ~ C for 2 to 5 months before assay.
In a freezer room kept at -20 ~ C, each frozen block of tissue from the trauma and control sites was separated with a 2-mm diameter tissue punch into samples containing the central core and the remaining surrounding tissue. The trauma blocks were further defined as to trauma and adjacent sites by visual inspection of the traumatized areas within the core and surrounding tissue and by proper dissection of these areas. Samples were rapidly weighed in previously tared beakers, transferred on ice-to a 0 ~ to 4 ~ C cold room, and homogenized in ice-cold 0.32 M-sucrose, buffered at pH 7.4 with 25 mM Tris-HC1 (2 ml for core samples *Harvard respirator manufactured by Harvard Apparatus, Inc., Millis, Massachusetts. weighing approximately 14 mg, and 5 ml for surrounding tissue samples averaging 100 rag).
The method of Hunt and Craig, 16 standardized for optimal conditions using samples of nontraumatized dog spinal cord, was used for the ATPase assay. Determination of ATPase activity was by the rate of liberation of inorganic phosphate (Pi). The Na § § ATPase activity was derived by subtracting the enzymic hydrolysis of adenosine triphosphate (ATP) in the presence of Mg +2 alone from that in the presence of optimal concentrations of Mg +2, Na § and K § ions (total ATPase activity). Briefly, the procedure involved the measurement of total ATPase activity by the use of an incubation medium containing 100 mM-NaC1, 30 mM-KC1, 3 mM-MgCI~, 3 mM Tris-ATP in 25 mM Tris-buffer, pH 7.4. The incubation volume was 1.5 ml including 0.2 ml of homogenate containing 0.5 to 2.5 mg of tissue. The Mg-ATPase activity was determined by substituting buffered 0.32 Msucrose for sodium and potassium in the incubation medium. After preincubation for 12 minutes in the absence of substrate, the reaction was begun by adding ATP. Incubation was terminated after 12 minutes by the addition of 0.5 ml of ice-cold 10% (w/v) trichloroacetic acid. Reaction tubes were stored overnight on ice in a room kept at 0 ~ to 4 ~ C. The mixture was centrifuged at 1000 rpm for 20 minutes, then 1-ml aliquots were removed and Pi was determined by a modification of the method of Fiske and Subbarow, s Because of an increase in wet weight due to edema, data were expressed on a protein reference. Total protein was assayed colorimetrically on each homogenate by the method of Lowry, et al. ~4
Results
Na+-K+-activated ATPase activity for rat cerebrum ( *Samples were homogenized and assayed for ATPase as described in Materials and Methods. The Na+-K +activated ATPase was calculated as the difference in activities of ATP hydrolysis in the presence of optimal concentrations of Mg +2, Na § and K + (total) and that of Mg +2 alone. The numbers are the mean -~ SEM.
In studies of the central core samples from nontraumatized control spinal cord, and of samples obtained from the rostral and caudal control sites of traumatized animals, ATPase values were found to be higher for the central core, where the density of neurons and glia was greatest, than for the surrounding tissue blocks which contained mostly myelinated axons ( Table 2 ). The Mg § ATPase enzyme represents about 34% of the total ATPase activity in central core samples, while the surrounding tissue contains approximately 40%.
When ATPase activity was measured at various times following a 400 gm-cm impact injury to the spinal cord of unconditioned *Samples obtained from three nontraumatized control dogs and from animals receiving a 400 gm-cm impact injury. Three animals were studied for each time interval following injury. ATPase activity was determined as described in Table 1 mongrel dogs, a prompt and significant (p < 0.01) decline in the Na+-K+-activated ATPase activity was noted as early as 5 minutes after injury in the central core samples at the site of trauma (Fig. 1) . The level of Na §247 enzyme remained at 56% to 67% of control for the 1-hour period studied. Similar, although smaller, changes were noted with total ATPase activity, Flo. 2. Mg+2-dependent ATPase-specific activities for the trauma site central core and surrounding tissue at various time intervals following a 400 gm-cm impact injury to unconditioned dogs at the T-4 cord level. Three animals were studied at each time period and the SEM for each is shown by the vertical bars.
presumably reflecting that fraction represented by the Na §247 enzyme, while the Mg+~-dependent ATPase enzyme showed a questionable decline only at 5 minutes (Fig. 2) . Samples of central core excised immediately adjacent to the trauma site gave values for the Na § enzyme falling between those of the trauma and control sites with no significant change in the Mg+2-dependent enzyme ( Table 2) . Neither component of the ATPase system showed deviations from control in samples assayed from surrounding trauma or surrounding adjacent tissue blocks apart from a late increase in the Na+-K+-activated enzyme at the adjacent site at 60 minutes.
Discussion
The results of the present study show that experimental spinal cord injury to the unconditioned dog results in deleterious changes at the membrane level, as evidenced by a prompt and significant decrease at the trauma site (central core) in the membranebound enzyme, Na § ATPase. No significant change in Mg+~-dependent ATPase activity could be detected at the early time intervals studied. Furthermore, since the Na §247 enzyme is considered to be localized in the plasma membrane of cells, while the Mg+2-dependent ATPase is distributed essentially evenly throughout all subcellular fractions, 1 the results support the idea that the trauma and resulting ischemia and edema may have damaging effects on cell membranes. Schwartz, et al.,~s have investigated several enzymes including Na+-K § and Mg+2-dependent ATPases in the gerbil cerebral cortex during unilateral ischemia and in the postischemic period following 1 hour of ischemia. Na §247 ATPase, as well as adenylate cyclase, did not change during ischemia, but activities decreased on recirculation, with significantly lower than control levels reached by 15 minutes of release for Na+-K + ATPase (55%) and by 5 minutes of release for adenylate cyclase (70%). Mg § ATPase did not change significantly during either the ischemic or the postischemic periods. Utilizing this same model, Hossman and Kleihues 15 have noted hyperemia upon release of the clip in animals showing functional recovery. Therefore, Schwartz, et al., 2s postulated that this increased blood flow caused trauma to plasma membranes resulting in loss of membrane-bound enzyme activity. In addition, their study implied that despite the apparent metabolic recovery during the postischemic period, the quality of recovery and the response to further ischemic insult might be related to the enzyme changes occurring during the postischemic period.
Although spinal cord blood flow has been assessed by a variety of methods, some of which are of questionable reliability, the overall pattern following trauma is nearobliteration of blood flow to the gray matter 3 or center of the cord at the level of trauma. 22 Earliest measurements were made at 5 minutes after a 300 gm-cm impact injury to the monkey spinal cord? a time when both pulse and blood pressure had returned to pretrauma levels or slightly below. Blood flow in the traumatized area is subject to the direct effect of the trauma on the blood vessels of the spinal cord. Goodman, et al., 1~ have reported that vascular changes occur early (at 1 to 2 minutes) and consist of opening of tight junctions, separation of endothelium from basement membrane, bleb formation from endothelium, platelet aggregation, and thrombosis, all of which combine to impede microcirculation.
Therefore, our observation of an early decrease in Na §247 ATPase activity following experimental spinal cord trauma does not appear to relate to the hyperemia or recirculation phenomenon as suggested by Schwartz, et al., 28 but might be a reflection of altered platelet function via abnormal free radical production. Free radical damage to membranes has been reported with subsequent inhibition of Na+-K+-activated ATPase activity. 4 It has also been shown that for this membrane-bound enzyme to remain functional, the fluidity of the long-chain fatty acid moieties of membrane phospholipids must be controlled. 21 In severe trauma to the cat spinal cord, Milvy, et al., 25 have observed free radical damage to lipids. Since platelet aggregation depends on the regulated production of prostaglandins from polyunsaturated lipids within the platelet membrane via normal radical reactions, 13,~4 this process may be altered by membrane changes at the phospholipid level as a result of abnormal free radical reactions due to trauma.
In experimental studies of central nervous system trauma, Flamm, et al., 9 noted that ethanol potentiates the injury. The authors speculated on the mechanisms by which this potentiation was produced, including alterations in membrane-bound enzymes and clotting mechanisms, as well as damage to cell membranes through abnormal free radical reactions. Since ethanol has been shown to inhibit the Na+-K+-activated ATPase activity of brain and that this inhibition is mediated by Na § resulting in changes in membrane structure, 17-19 our finding of an early decrease in this membrane-bound enzyme, as a result of trauma to the nervous system, may aid in the elucidation of the molecular events that occur at the membrane level.
